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Edited by Sandro SonninoAbstract Bryophyte Marchantia polymorpha L. produces C22
very-long-chain polyunsaturated fatty acid (VLCPUFA). Thus
far, no enzyme that mediates elongation of C20 VLCPUFAs
has been identiﬁed in land plants. Here, we report the isolation
and characterization of the gene MpELO2, which encodes an
ELO-like fatty acid elongase in M. polymorpha. Heterologous
expression in yeast demonstrated that MpELO2 encodes D5-
elongase, which mediates elongation of arachidonic (20:4) and
eicosapentaenoic acids (20:5). Phylogenetic and gene structural
analysis indicated that the MpELO2 gene is closely related to
bryophyte D6-elongase genes for C18 fatty acid elongation and
diverged from them by local gene duplication.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Very-long-chain polyunsaturated fatty acids (VLCPUFAs)
represented by arachidonic acid (AA; 20:4D5,8,11,14), eicosapen-
taenoic acid (EPA; 20:5D5,8,11,14,17), and docosahexaenoic
(DHA; 22:6D4,7,10,13,16,19) acid are widely recognized, because
of their beneﬁcial roles in human health. In particular, DHA
is an essential component of membrane lipids of brain neu-
rons, testes, and the external segments of photoreceptors inAbbreviations: AA, arachidonic acid; DGLA, dihomo c-linolenic acid;
EPA, eicosapentaenoic acid; ETA, eicosatetraenoic acid; DHA, doco-
sahexaenoic acid; DPA, docosapentaenoic acid; DTA, docosatetrae-
noic acid; FAME, fatty acid methyl ester; GC–MS, gas
chromatography–mass spectrometry; GLA, c-linolenic acid; ORF,
open reading frame; PAC, P1-derived artiﬁcial chromosome; PCR,
polymerase chain reaction; RACE, rapid ampliﬁcation of cDNA ends;
STA, stearidonic acid; VLCPUFA, very-long-chain polyunsaturated
fatty acid
q The nucleotide sequence reported in this paper has been submitted
to DDBJ/GenBank/EMBL with Accession Number, AB238913
(MpELO2 cDNA), AB238912 (MpELO2 genomic sequence), and
AB238914 (PpPSE1 genomic sequence).
*Corresponding author. Fax: +81 75 753 6127.
E-mail address: tkohchi@lif.kyoto-u.ac.jp (T. Kohchi).
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doi:10.1016/j.febslet.2005.11.065the retina [1]. DHA deﬁciency is associated with cognitive de-
cline and the onset of Alzheimers disease in adults [2]. In hu-
man infants, DHA is not produced in suﬃcient amounts to
meet metabolic demands and must be obtained from dietary
sources. Oily ﬁsh have been the major natural source of these
VLCPUFAs but are of decreasing availability [3], giving rise to
a need for a sustainable source of VLCPUFAs, such as oilseed
crops genetically engineered to express the genes in the VLC-
PUFA biosynthetic pathways.
Genes encoding D6- and D5-desaturases and D6-elongase re-
quired for the biosynthesis of AA and EPA have already been
isolated from many organisms including animals, fungi, and
plants [4,5]. In mammals, the conversion of EPA into DHA oc-
curs through the Sprecher pathway, which involves two elon-
gations, a desaturation, and a b-oxidation step [6,7]. In lower
eukaryotes, DHA is synthesized more simply by D5-elongation
from EPA to docosapentaenoic acid (DPA, 22:5D7,10,13,16,19),
followed by D4-desaturation. To date, D4-desaturase genes
have been identiﬁed from a marine fungus and several micro-
algae [8–11]. Genes encoding an enzyme with D5-elongating
activity have also been isolated from marine microalgae
[11,12] and several vertebrates [5]. Their amino acid sequences
show similarity to Saccharomyces cerevisiae ELO1, ELO2, and
ELO3 [13,14] and other ELO-like enzymes including D6-elong-
ase [5]. The ELO-like gene family is thought to encode con-
densing enzymes, such as ‘‘fatty acid elongase’’, that catalyze
the rate-limiting condensation step in the elongating multien-
zyme complex and determine the substrate speciﬁcity of the
entire elongation reaction. No D5-elongase gene involved in
C22-VLCPUFA synthesis has been isolated from any land
plant species to date.
Thallus of the liverwort Marchantia polymorpha L. contains
AA, EPA, and a small amount of 22:4 [15], suggesting the
presence of genes coding for the enzymes involved in
C22-VLCPUFA synthesis. Three genes encoding D6- and
D5-desaturases and D6-elongase for AA and EPA synthesis
in M. polymorpha have already been isolated [16]. In the pres-
ent study, we show that a homologue of the D6-elongase gene
encodes D5-elongase speciﬁc to AA and EPA in M. polymor-
pha. This is the ﬁrst report of a fatty acid elongase with dem-
onstrated speciﬁcity to C20-PUFAs from land plants. We have
also shown that the co-expression of MpELO2 with a D4-
desaturase gene in EPA-fed P. pastoris reconstituted the
DHA synthetic pathway.blished by Elsevier B.V. All rights reserved.
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2.1. Organisms
The male E line ofM. polymorpha used in this study was described by
Takenaka et al. [17]. The protonemata of Physcomitrella patens
(Hedw.) B.S.G. was grown axenically under white light on BCDAT
medium (1 mM MgSO4, 10 mM KNO3, 45 lM FeSO4, 1.8 mM
KH2PO4, 1 mM CaCl2, 5 mM ammonium tartrate, and trace elements,
pH 6.5) [18] at 22 C. The P. pastoris strain PPY1 (wild-type, NRRLY-
11430) and PPY12 (his4, arg4) [19] used for transformation was cul-
tured in a rich YPD medium (1.0% yeast extract, 2.0% peptone, 2.0%
glucose) supplemented with 100 mg/L Zeocine (Invitrogen, Carlsbad,
CA). Recombinant P. pastoris cells were cultured in a minimal medium
composed of 1.34% yeast nitrogen base with ammonium sulfate with-
out amino acids, 4 · 105% biotin, and a carbon source (1.0% glycerol
or 0.5% methanol) for gene expression, and 0.004% histidine for PPY12
only. Escherichia coli strain DH10B was cultured in a low salt Luria–
Bertani medium supplemented with 40 mg/L Zeocine (Invitrogen).
2.2. Sequence and phylogenetic analyses
Multiple sequence alignments were generated using the CLUSTAL
W program [20]. Transmembrane regions were predicted by the
TMpred algorithm [21]. Phylogenetic analysis of deduced amino acid
alignments was done using the neighbor-joining method [22] with the
CLUSTAL W program.
2.3. Preparation of nucleic acids from M. polymorpha thalli and
P. patens protonemata
The procedures used for isolation of genomic DNA, total RNA, and
poly(A)+ RNA from M. polymorpha have been described previously
[23]. Genomic DNA of P. patens protonemata was isolated using a
DNeasy Plant Mini kit (Qiagen, Valencia, CA).
2.4. PCR with degenerate primers
Degenerate polymerase chain reaction (PCR) was carried out with
1.0 lg of cDNA as a template using a TaKaRa ExTaq (Takara Bio,
Kusatsu, Japan) under the following conditions: 35 cycles of 94 C
for 1 min, 45 C for 1.5 min, and 72 C for 2 min. The sequences of
degenerate primers were the same as those for the screening of theMpE-
LO1 gene [16].
2.5. Isolation of elongase genes from M. polymorpha and P. patens
To determine the cDNA sequence of MpELO2, rapid ampliﬁcation
of cDNA ends (RACE) was performed using the 5 0-RACE System
for Rapid Ampliﬁcation of cDNA Ends (Invitrogen), and the Ready-
To-Go T-primed First Strand kit (Amersham Biosciences, Pollards
Wood, UK) with primers MpELO2-01R: 5 0-TTATTCAGAAGA-
AATCTGCGAC-3 0 and MpELO2-02F: 5 0-ATTTG-CGTCTCCG-
CTTTTCGTC, for 5 0- and 3 0-RACE. Poly(A)+ RNA (0.5 lg) was used
as a template for each RACE reaction (under the following conditions:
35 cycles of 95 C for 1 min, 57 C for 1 min, and 72 C for 1 min). Each
RACE product was sequenced directly in both directions with a BigDye
Terminator Cycle Sequencing kit and an automated sequencer ABI
PRISM 377 (Applied Biosystems, Foster City, CA). To identify the se-
quence of theMpELO2 gene, genomic clones containing the MpELO2
gene were isolated from the male genomic P1-derived artiﬁcial chromo-
some (PAC) library [24] by PCR assay with pooled PACDNA as a tem-
plate with primers MpELO2-01R andMpELO2-02F using TaKaRa Ex
Taq (Takara Bio, Kusatsu, Japan) under the following conditions: 35
cycles of 95 C for 1 min, 57 C for 1 min, and 72 C for 1 min.
To identify the genomic sequence corresponding to the PpPSE1
open reading frame (ORF, AF428243) [25] coding for P. patens D6-
elongase, genomic PCR was carried out with primers PSE1-01F:
5 0-ATGGAGGTCGTGGAGAGATTC-30 and PSE1-02R: 5 0-TCAC-
TCAGTTTTAGCTCCCTTTTGC-3 0 using AccuPrime Pfx DNA
polymerase (Invitrogen) under the following conditions: 35 cycles of
95 C for 15 s, 57 C for 30 s, and 68 C for 2 min. The resultant
PCR product was sequenced directly.2.6. Plasmid construction
A fragment which covers the MpELO2 ORF was ampliﬁed by
PCR with two primers MpELO2-03F: 5 0-GTTGAATTCGTAATG-
GCGACGAAGAGCGGG-3 0 and MpELO2-04R: 5 0-GCCGAATT-CCTCCACTTTAACTGTCTTAG using Pyrobest DNA polymerase
(Takara Bio) and the M. polymorpha cDNA pool as a template. The
ampliﬁed fragment was digested by EcoRI and subcloned into the P.
pastoris expression vector pPICZA (Invitrogen) to place the MpE-
LO2 ORF under the control of the methanol-inducible promoter
5 0 AOX1 (pPICZA-MpELO2).
To clone the EgDES4 ORF (AY278558) [9] from an E. gracilis cDNA
pool, PCR was carried out with primers EgDES4-01F 5 0-GCG-
GATCCGAAATGTTGGTGCTGTTTGGCA-30 and EgDES4-02R
5 0-GCGGATCCTTATGACTTTTTGTCCCCGT-3 0 using AccuPrime
Pfx DNA polymerase (Invitrogen). The resultant PCR product was
digested by BamHI and cloned into pPIC3K (with the HIS4 gene;
Invitrogen) under the control of the 5 0 AOX1 promoter. The resultant
clone, pPIC3K-EgDES4, was sequenced and used for co-expression
experiments with pPICZA-MpELO2 in P. pastoris.
2.7. Expression in P. pastoris
For heterologous expression of the MpELO2 ORF, pPICZA-MpE-
LO2 or unmodiﬁed vector (used as a negative control), was used to
transform P. pastoris PPY1 using a Pichia EasyComp kit (Invitrogen).
For co-expression of the MpELO2 and EgDES4 ORFs, pPICZA-
MpELO2 (or pPICZA as a negative control) was used to transform
P. pastoris PPY12 (his4, arg4), which has the same fatty acid proﬁle
as PPY1 [16]. Subsequently, pPIC3K-EgDES4 (or pPIC3K as a nega-
tive control) was used to transform clones with pPICZA-MpELO2 (or
pPICZA) already integrated into the genome. For expression of the
ORF(s), cells were grown in a minimum medium containing 1.0% glyc-
erol as the exclusive carbon source to an optical density (600 nm) of
0.5, then transferred to minimum medium containing 0.5% methanol,
and grown to saturation at 30 C for three days. To determine the sub-
strate speciﬁcity of MpELO2, c-linolenic acid (GLA; 18:3D6,9,12),
stearidonic acid (STA; 18:4D6,9,12,15), dihomo c-linolenic acid (DGLA;
20:3D8,11,14), eicosatetraenoic acid (ETA; 20:4D8,11,14,17), AA, and EPA
(Cayman Chemical, Ann Arbor, MI) were supplied exogenously to the
culture medium at a ﬁnal concentration of 120 lg/ml. For reconstitu-
tion of the DHA synthetic pathway, EPA was supplied exogenously
to the culture medium at a ﬁnal concentration of 120 lg/ml.
2.8. Fatty acid analysis
The fatty acid compositions of transgenic yeast cells were analyzed
by gas chromatography–mass spectrometry (GC–MS). Fatty acid
methyl esters (FAMEs) were prepared from about 0.1 g of transgenic
yeast cells by direct transmethylation with 2.0 ml of 0.5 M sulfuric acid
in methanol containing 2% (v/v) dimethoxypropane. After 1 h at
80 C, 0.4 ml of 5 M NaCl was added and FAMEs were extracted with
1 ml of petroleum-ether and concentrated. Fatty acids were identiﬁed
by GC–MS analysis of their methyl esters and compared to authentic
standards. GC–MS spectrometry was conducted on a Shimadzu
GCMS-QP2010 (Shimadzu, Kyoto, Japan) ﬁtted with a HR-SS-10 col-
umn (B 0.25 mm · 50 m, 0.25 m ﬁlm thickness) (Shinwa Chemical
Industries, Kyoto, Japan) with helium carrier (ﬂow rate 1 ml/min),
operating at an ionization voltage of 70 eV, and with a scan range of
50–550 Da. The column temperature was maintained at 180 C for
2 min, and then elevated to 220 C at 2 C/min.
2.9. Northern and Southern blot analyses
Genomic DNA and total RNA were used in Southern and Northern
blot analysis as described elsewhere [23]. For detection of MpELO2
transcript and gene, its coding sequence was ampliﬁed by PCR with
the primers MpELO2-03F and MpELO2-04R, using the pPICZA-
MpELO2 as a template. The PCR product was then labeled with
[a-32P]dCTP using a MegaPrime DNA Labeling System (Amersham
Biosciences) and used as a probe.3. Results
3.1. Isolation of a putative fatty acid elongase cDNA from
M. polymorpha
To screen for the fatty acid elongase gene involved in VLC-
PUFA biosynthesis inM. polymorpha, a homologue of the D6-
elongase geneMpELO1 was isolated by degenerate PCR based
Fig. 1. Northern (a) and Southern (b) blot analysis of MpELO2. Ten
micrograms of total RNA was isolated from M. polymorpha thalli and
hybridized with a 32P-labeled DNA fragment of the MpELO2 ORF.
Ten micrograms of genomic DNA isolated from M. polymorpha was
digested with BamHI, EcoRI, and HindIII, and hybridized with the
same probe as above. (c) Alignment of the amino acid sequences of
MpELO2 and the D6-elongases of M. polymorpha (MpELO1) and P.
patens (PpPSE1). Motifs characteristic to ELO-like proteins are boxed,
and the potential transmembrane domains are underlined. Positions of
the 17 amino acid residues conserved among previously reported ELO-
like proteins are highlighted, with positions of discrepancies in
MpELO2 indicated by asterisks. Intron splice sites are indicated by
M. Kajikawa et al. / FEBS Letters 580 (2006) 149–154 151on conserved amino acid sequences [16], followed by 5 0- and
3 0-RACE. One candidate cDNA for an ELO-like elongase
was isolated and designated as MpELO2. The length of the
MpELO2 cDNA was 1546 bp, which was consistent with the
result of northern blot analysis (Fig. 1a). A single signal was
detected in Southern blot analysis using three diﬀerent restric-
tion enzymes (Fig. 1b). To identify the MpELO2 gene, a part
of the male genomic PAC library was screened by PCR. Clone
pMM23-541D3 was isolated, and the sequence of an approxi-
mately 3.5-kb region that contained the MpELO2 gene was
determined. This result indicates that the MpELO2 gene is
present as a single-copy gene.
The MpELO2 cDNA contains an ORF encoding a protein
of 348 amino acids. The predicted amino acid sequence of
MpELO2 shares 46% identity with MpELO1 [16] and 42%
with P. patens D6-elongase PpPSE1 (Fig. 1c). Six hydrophobic,
possibly transmembrane, domains (underlined in c) as well as
two motifs characteristic of ELO-like proteins (L–H–X–X–
H–H and M–Y–X–Y–Y, boxed in c) are conserved in the
MpELO2 sequence. Among 17 amino acid residues that are
conserved in all the previously known ELO-like proteins [5],
15 are conserved in MpELO2. The N-terminal extension of
approximately 60 residues is unique to MpELO2, and no sig-
nal sequence or known motif was found in the extension.
To examine the evolution of ELO-like elongase in mosses,
we determined the genomic sequence of the P. patens PpPSE1
gene and compared the gene structures of MpELO2, MpE-
LO1, and PpPSE1. As illustrated in Fig. 1d, the positions of
introns in the coding sequences are identical in the MpELO2,
MpELO1, and PpPSE1 genes. The lengths of the ﬁve internal
exons are conserved, while those of the introns are variable,
indicating their common phylogenetic origin.
3.2. Heterologous expression of the MpELO2 ORF in
P. pastoris
To determine its enzymatic activity, the MpELO2 ORF was
expressed in the methylotrophic yeast P. pastoris under the
control of the methanol-inducible AOX1 promoter, and cellu-
lar fatty acid composition was examined. In P. pastoris cells
expressing the MpELO2 ORF in the presence of exogenous
AA or EPA, novel peaks of their respective elongation prod-
ucts were newly detected (indicated by asterisks in Fig. 2a
and b). GC–MS analysis of methyl esters of these fatty acids
showed that their spectra were identical to those of authentic
docosatetraenoic acid (DTA, 22:4D7,10,13,16) and DPA, respec-
tively, demonstrating that the novel peaks were D5-elongated
products of the supplemented fatty acids (Fig. 2).
To acquire insights on the substrate speciﬁcity of MpELO2,
P. pastoris cells expressing the MpELO2 ORF were grown in
the presence of exogenous GLA, STA, DGLA, and ETA,
and then subjected to fatty acid analysis. No elongated prod-
ucts of the supplied fatty acids were detected (Table 1). This
result shows that MpELO2 has D5-elongase activity speciﬁc
to AA and EPA.triangles. Dots indicate residues that are identical to those in the
MpELO2 sequence, and dashes indicate alignment gaps. The sequence
identity values between the MpELO2 sequence and the other
sequences are indicated in parentheses at the end of each sequence.
GenBank Accession Numbers of the sequences are AB238913
(MpELO2), AAT85662 (MpELO1), and AAL84174 (PpPSE1). (d)
Diagram of the genomic loci of the MpELO2, MpELO1, and PpPSE1
genes. Boxes indicate coding exons, and the numbers indicate the
lengths of the exons in nucleotides.3.3. Heterologous reconstitution of the DHA synthetic pathway
in P. pastoris
To reconstitute the DHA synthetic pathway, MpELO2 and
the E. garacilis D4-desaturase gene EgDES4 [9] were co-ex-
pressed in P. pastoris. Cells that carry both pPICZA-MpELO2
and pPIC3K-EgDES4 integrated into the genome produced
Fig. 2. Fatty acid analysis of P. pastoris expressing MpELO2. Partial FAME proﬁles of P. pastoris with integrated pPICZA-MpELO2 (i) and
unmodiﬁed vector (ii) in the presence of AA (a) and EPA (b). Authentic DTA and DPA co-migrate with the products of (a) and (b), respectively.
Peaks for novel fatty acids in the transformant expressing the MpELO2 ORF are indicated by asterisks, and their mass spectra are shown in the
upper panels in (c) and (d). Mass spectra of authentic DTA and DPA are given in the lower panels in (c) and (d).
Table 1






20:4D5,8,11,14 (AA) 17.9 ± 3.1
20:5D5,8,11,14,17 (EPA) 33.7 ± 0.7
Elongation (%) was calculated as (product · 100)/(substrate + prod-
uct) using values corresponding to the percent of total fatty acids.
Each value is the mean ± SD from three independent experiments.
152 M. Kajikawa et al. / FEBS Letters 580 (2006) 149–154DHA in addition to DPA (Fig. 3). These C22-VLCPUFAs
were not found in the control line carrying empty vectors (data
not shown). This result demonstrates that MpELO2 is capable
of reconstituting the DHA synthetic pathway together with
D4-desaturase in a heterologous system.4. Discussion
In this study, we demonstrated that MpELO2 codes for D5-
elongase and that MpELO2 is capable of reconstituting a bio-
synthetic pathway converting EPA into DHA, in association
with E. gracilis D4-desaturase. Based on their speciﬁcity to
substrate fatty acids, ELO-like enzymes can be classiﬁed lar-
gely into three groups: one is speciﬁc to saturated and mono-
unsaturated fatty acids (SFA and MUFA), another to
PUFA of ﬁxed chain-length (‘‘single-step’’), and the other is
to PUFA with variable chain-lengths (‘‘multi-step’’) [12].
MpELO2 showed speciﬁcity only to C20 VLCPUFA, like al-
gal D5-elongases OtELO2, TpELO2, and PavELO, and thusbelongs to the second group. It should be noted that from a
phylogenetic point of view MpELO2 is closer to M. polymor-
pha MpELO1 than the algal D5-elongases (Fig. 4). Further-
more, the exon–intron structure is conserved between the
MpELO1 and MpELO2 genes. Therefore, MpELO2 presum-
ably originated from a gene duplication of MpELO1, and does
not share its ancestry directly with the algal D5-elongase genes.
It is presently unknown how ELO-like enzymes discriminate
substrate fatty acids by chain-length and the distribution of
double-bonds. Since MpELO1 and MpELO2 exhibit distinct
substrate speciﬁcity, some of the diﬀerences in amino acid se-
quence between the two proteins should be responsible for
the diﬀerence in enzymatic activity. There are two notable dif-
ferences between MpELO1 and MpELO2. Firstly, the 17
invariant amino acid residues that are conserved in all previ-
ously reported ELO-like proteins are predicted to be critical
for enzymatic activity [5]. However, two of the conserved leu-
cine residues are replaced with phenylalanine residues in MpE-
LO2 (Phe-209 and Phe-327 in Fig. 1b). Secondly, MpELO2
has an N-terminal extension that is not found in other ELO-
like enzymes. However, it has not been determined if the exten-
sion is retained in vivo, including in the yeast used in this
study. Further comparative analysis should contribute to the
elucidation of the molecular mechanisms behind the substrate
speciﬁcities of ELO-like enzymes.
Dembitsky reported that a number of bryophytes including
M. polymorpha contain C22-VLCPUFAs along with C20-
VLCPUFAs [15]. Therefore, D5-elongase should be widely dis-
tributed among bryophytes. It should be noted that inM. poly-
morpha thallus MpELO2 is expressed at a signiﬁcant level
(Fig. 1a), but the amount of 22:4 was much smaller than
C20-VLCPUFAs, and 22:5 was not detected [15]. In general,
ELO-type enzymes mediate elongation of CoA-linked but
Fig. 3. Identiﬁcation of DHA in P. pastoris expressing MpELO2 and EgDES4. (a) Partial FAME proﬁle of P. pastoris with integrated pPICZA-
MpELO2 and pPIC3K-EgDES4 in the presence of EPA. The proﬁle of authentic DHA is shown below. (b) Mass spectra of the peaks labeled with







































Fig. 4. Phylogenetic tree of ELO-like elongase family (based on Meyer et al. [12]). GenBank accession numbers of the sequences are NP_012339
(ScELO1; Saccharomyces cerevisiae), NP_009963 (ScELO2; S. cerevisiae), NP_013476 (ScELO3; S. cerevisiae), AAF71789 (MaELO; Mortierella
alpina), NP_031729 (MmELOVL3; Mus musculus), AAG17875 (HsELOVL3; Homo sapiens), NP_076995 (HsLCE; H. sapiens), AAL14239
(MmLCE;M. musculus), BAB69888 (RnELO2; Rattus norvegicus), NP_503114 (CeELO2; Caenorhabditis elegans), AAF70462 (CeELO1; C. elegans),
AAV33630 (PavELO; Pavlova sp.), AAV67800 (TpELO2; Thalassiosira pseudonana), AAV67798 (OtELO2; Ostreococcus tauri), AAL37626
(IgASE1; Isochrysis galbana), AAV67797 (OtELO1; O. tauri), AAV67799 (TpELO1; T. pseudonana), AAF70417 (MaGLELO; M. alpina),
XP_002040 (HsELOVL1; H. sapiens), NP_062295 (MmELOVL1; M. musculus), AAV67801 (XlELO; Xenopus laevis), NP_073563 (HsELOVL4; H.
sapiens), AAG47667 (MmELOVL4; M. musculus), AAV67802 (CiELO; Ciona intestinalis), NP_060240 (HsELOVL2; H. sapiens), NP_062296
(MmELOVL2;M. musculus), NP_068586 (HsELOVL5; H. sapiens), NP_599209 (RnELO1; R. norvegicus), and AAV67803 (OmELO; Oncorhynchus
mykiss). The other abbreviations are as given in the legend of Fig. 1b.
M. Kajikawa et al. / FEBS Letters 580 (2006) 149–154 153not lipid-linked acyl chains [25]. Therefore, the scarce amounts
of 22:4 and 22:5 could be explained by a limited availability of
CoA-linked AA and EPA, though the in vivo amount of CoA-
linked AA and EPA is currently unclear due to technical diﬃ-culties in their separation from other CoA-linked fatty acids
[16]. There are other possibilities such as that the expression
of the MpELO2 gene product may be regulated posttranscrip-
tionally, or that the amount of C22-VLCPUFAs may be
154 M. Kajikawa et al. / FEBS Letters 580 (2006) 149–154metabolically regulated in M. polymorpha. The physiological
function and signiﬁcance of VLCPUFAs in bryophytes has
yet to be elucidated [26].
VLCPUFAs such as AA, EPA, and DHA are important as
dietary supplements, and development of transgenic oil plants
capable of producing AA, EPA, and DHA is expected to im-
prove commercial-scale VLCPUFA production [27]. Although
several VLCPUFA synthesizing genes of non-land plant origin
have been isolated, transgenic oil plants producing large
amount of DHA have not been reported. The liverwort MpE-
LO2 gene that is the ﬁrst D5-elongase gene isolated from land
plants should facilitate development of such transgenic-oil
plants.
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